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Abstract

This paper provides information on the details regarding my spring 2017 PH499 Honors
Capstone project performed at The University of Alabama Huntsville under the advisement of
Dr. Richard Miller. The main goal of this project was to use data from the Lunar Prospector (LP)
mission launched in January 1998 and create a new mission called the Lunar Occultation
Explorer (LOX) to detect gamma rays emitted from the moon. On board the LP was a gammaray spectrometer (GRS) orbiting 100 km above the moon’s surface. These data were used to
generate models for the rate of gamma rays that would be detected by the proposed Lunar
Occultation Explorer (LOX) at varying orbital altitudes of 750, 900, and 1100 km. In addition,
spatial resolution maps were created providing a more accurate visual representation of the rate
of gamma rays predicted to hit the detectors in comparison to the LP mission (See Figures 9 and
10). Several other concepts will be covered describing how the concept of LOX came to fruition,
what the purpose of LOX is, comparing and contrasting LOX versus LP, and explaining what
processes will be needed in order to successfully launch and collect data from LOX.
Keywords: LOX, Lunar Prospector, gamma rays, lunar albedo, spatial resolution
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1. Introduction

1.1 Lunar Albedo
The lunar gamma-ray albedo is generated by nuclear interactions. These gamma-rays are
generated by cosmic rays, primarily high-energy protons, bombarding the lunar surface
(Moskalenko et al., 2007). Since the moon has no atmosphere, the cosmic rays slam directly into
the moon, breaking apart the nuclei of these high-energy protons and releasing neutrons. When
these nuclei break apart, many outcomes can occur. First, the neutrons can be absorbed by
another nucleus or undergo inelastic scatter reactions. After some time, the resulting excited
nucleus will de-excite, shift into a lower energy level, and emit a gamma ray. Also, some of the
nuclei may be radioactive and decay to produce a gamma ray. Some of the nuclei emit natural
radioactivity, and some of the neutrons simply escape the moon’s surface (Lawrence et al.,
1998). All of these outcomes contribute to the gamma-ray lunar albedo and, since the energy of
the emitted gamma-rays depends on the nucleus that produced it, can be used to map elemental
composition across the moon’s surface. Measuring the lunar albedo is extremely beneficial to
lunar science investigations.
It is important to note that the nuclear albedo is unique to airless planetary bodies such as
the moon, asteroids, and Mercury. There is no question that the Earth is being slammed by
cosmic rays on a regular basis. However, in planetary bodies with an atmosphere, such as Earth,
the cosmic rays will not interact directly with the dense planetary surface due to the protective
nature and stopping power of our atmosphere. Generally, when cosmic rays hit Earth’s
atmosphere, these high-energy protons initiate an “air-shower” of other low-energy particles
such as pions, additional protons, etc. Therefore, a gamma-ray albedo of the same intensity is not
produced. Without an atmosphere to protect the moon, gamma-ray spectrometers are better able
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to detect the secondary albedo radiation directly. Thus, we can use the moon to study the
composition and flux of nuclear gamma rays using the lunar albedo.
1.2. Elemental Composition of Lunar Regolith
In previous experiments, scientists have collected data on the elemental composition of
the lunar regolith, e.g. lunar surface. Elemental abundances on the Moon can give insight into
theories about how the moon was formed. By measuring the gamma-ray counts in the MeV
energy range, remote sensing can determine the elemental composition. As seen in Figure 1, the
various peaks represent the de-excitation of an excited nucleus which emits a gamma ray and
generates an energy spike. The highest peaks are iron (7.61 MeV), oxygen (7.12, 6.91, and 6.13
MeV), and titanium (6.76 MeV). As one specific example, Lawrence et al. (2002) generated an
iron map of the raw data from 7.35 to 7.92 MeV shown in Figure 2. While this does not
encompass all of the major elements that compose the moon, these are considered the top
elements that encompass the elemental composition of the moon.
1.3. Current Experimental Observations
On January 6, 1998, the Lunar Prospector (LP) mission was launched in order to provide
global maps of the major element, e.g. O, Fe, Ti, Se, and trace element, e.g. U, Th, K, and H,
composition on the lunar surface to detect gamma-ray radiation from the moon (Feldman et al.,
1999). In addition, the LP was designed to investigate the presence of water and hydrogen
deposits in permanently shadowed craters on the moon (Miller et al., 2014). The LP orbited the
moon for 567 days and was placed in a 100 km circular orbit a majority of the time. For 6
months, the LP orbited at 30 km above the moon’s surface. On board the LP was a gamma-ray
spectrometer (GRS) and a neutron spectrometer (NS). The GRS consists of a 7.6 cm long
cylinder of bismuth germanate (BGO, 𝐵𝑖4 𝐺𝑒3 𝑂12) crystal housed within a 20 cm long plastic
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organic scintillator anti-coincidence shield (ACS) with a photomultiplier tube (PMT) on each
side of the inorganic BGO crystal as shown in Figure 3.
The scintillation detector is a widely-used particle detection device in nuclear and particle
physics today. It operates under the concept that certain materials emit a small flash of light
when struck by nuclear particles or radiation. When the scintillator is coupled with a PMT, the
particles are amplified and converted into electrical pulses which can be analyzed and counted
electronically to provide information on the incident radiation (Leo, 1994).
When radiation such as photons are emitted from the moon, given that there is no charge,
the photon travels through the plastic organic ACS with little to no interaction. The photon then
travels to the inorganic BGO which has a high stopping power. The gamma-rays interact inside
the BGO crystal and undergo Compton scattering. This scattering produces an electron which
travels through the crystal to the scintillator. During this process, the electron undergoes
excitation and de-excitation until it produces a bright flash of ultraviolet light which is detected
by the PMT where this light is converted into an electrical current of photoelectrons and
amplified by an electronics system. The number of photons is proportional to the voltage
recorded out of the back of the tube which is proportional to the energy of the gamma ray that hit
the detector.
Gamma-ray generation of low-energy photons will trigger a detection in just one of the
PMT’s. In contrast, when other charged-particle radiation, such as protons and electrons, enter
the GRS, they generate a signal within the plastic scintillator ACS which bypasses the BGO
crystal and triggers a detection on both PMT’s. Therefore, we can differentiate between gammaray detection and other forms of radiation using the GRS. Figure 4 depicts the current existing
maps we have illustrating the spatial resolution of the gamma-rays detected on the lunar surface
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at 100 km. The current standard spatial footprint as measured by Feldman et al. is roughly
proportional to the altitude at which the detector is placed above the moon’s surface, i.e., 45 km²
at an altitude of 30 km and 150 km² at an altitude of 100 km.
2. Lunar Occultation Explorer
2.1 What is LOX?
LOX stands for the Lunar Occultation Explorer. It is a proposed $237M lunar science
mission submitted to the NASA Medium-class Explorer (MIDEX) program by Dr. Richard
Miller at the University of Alabama Huntsville in collaboration with 9 other universities around
the United States. LOX uses some of the experience and architecture previously set by the LP
mission in terms of the GRS, but LOX will have exceedingly more gamma-ray detectors on
board the spacecraft. In addition, LOX will collect data by orbiting elliptically around the moon
at a perilune of 750 km, an apilune of 1100 km, with an average orbital altitude of 900 km above
the moon’s surface. In comparison, the LP mission maintained a circular orbit at 100 km altitude.
Using the flux of gamma-rays recorded by the LP mission, the goal of my PH499 Honors
Capstone was to simulate what LOX would see at 750, 900, and 1100 km. In addition, I was
responsible for determining what would change in terms of the number of gamma rays hitting the
detector at varying altitudes and compare those measurements to what was seen by the LP
mission at 100 km. Thus, we can predict whether the rate of photons will be higher or lower
when LOX is orbiting at these higher altitudes.
The gamma-ray detectors on board LOX will be uncollimated, meaning that they are not
focused in any way and hence will detect gamma-rays from multiple sources simultaneously, not
just cosmic gamma-ray sources (Miller et al., 2012). The lunar albedo is one of these sources and
is, in fact, an unwanted background that needs to be quantified. To do this requires two pieces of
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information: the flux reaching the detector and the spatial footprint on the lunar surface from
which this flux is emitted. It is difficult to quantify how much of the spatial footprint will be seen
by the detector due to this uncollimated detector. Thus, there is no standard cutoff value or
equation to determine the spatial footprint of a detector orbiting the moon. However, we can
create a universal cutoff point generated through computer models and compare these predictions
to the same cutoff point measured through the LP mission. For this project, we chose to cut off
the spatial resolution at a 50% maximum value for all altitudes including 100 km. All we know is
the average region that the gamma-rays came from based on the cutoff value.
2.2 How do we estimate what LOX will see?
In order to determine what LOX will see, we need to know three things. First, we need to
know the angular distribution of the emitted gamma-rays (Rybicki et al., 1979). Is the radiation
emitted isotropically, e.g. in a uniform direction toward a single source, or do the gamma-rays
scatter in different directions? Here, we chose to represent the radiation as being emitted
isotropically. Given the orbital altitude of LOX and after testing other angular distributions, it
was determined that the flux measurements were fairly insensitive to angular distribution (Reedy
et al., 1973). Therefore, the radiation was assumed to be emitted isotropically.
Next, we need to know the depth that the gamma-rays have to travel through the lunar
regolith to reach the detector. Some neutrons can leap up to one meter through the surface of the
moon. During this process, the neutrons can interact with the components in the regolith which
affects the energy absorbed and may decrease the probability that the gamma-rays will indeed
reach the detector. Thus, the depth of regolith that the gamma-rays have to travel through must
be considered. The third component that we need to know for LOX is the flux that is reaching
the gamma-ray detector on board the spacecraft.
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Once we know the angular distribution, the depth that the gamma-rays are traveling
through the regolith, and the flux, we are able to determine the flux solely by geometry. See
Figure 4 for an illustration of the geometrical setup that was used to model the equations. All of
the geometric parameters, e.g. the emission angle (β), the field of view (θ), and the distance from
the emission angle to the spacecraft (ℓ), can be recast to depend solely on the orbital altitude (h)
as demonstrated in the equations below. Using ρ as the spatial resolution in km and h as the
orbital altitude above the moon’s surface, we generated three equations to determine the flux of
photons that could hit the gamma-ray detector. Using the Radius of the moon (𝑅𝑚𝑜𝑜𝑛 ) as 1737
km in addition to the law of cosines and other geometrical manipulations, the following
equations were determined:

𝐹(𝜌, ℎ) ∝ cos

𝛽(𝜌, ℎ)
4𝜋𝑙(𝜌, ℎ)²

𝑅𝑚𝑜𝑜𝑛 = 1737 𝑘𝑚
𝜌
2
𝑙(𝜌, ℎ) = √( 𝑅𝑚𝑜𝑜𝑛 + ℎ)2 + 𝑅𝑚𝑜𝑜𝑛
− 2[(𝑅𝑚𝑜𝑜𝑛 + ℎ)(𝑅𝑚𝑜𝑜𝑛 ∗ cos (
)]
𝑅𝑚𝑜𝑜𝑛
𝛽(𝜌, ℎ) = 𝜋 − 𝜂(𝜌, ℎ)
𝜂(𝜌, ℎ) = 𝑐𝑜𝑠

−1

[

𝑅𝑚𝑜𝑜𝑛 −((𝑅𝑚𝑜𝑜𝑛 +ℎ)(𝑐𝑜𝑠
𝑙(𝜌,ℎ)

𝜌
))
𝑅𝑚𝑜𝑜𝑛

]

Upon completion of the geometrical equations, graphs comparing the flux values versus ρ
were determined. The orbital altitude (h) was fixed at 100, 600, and 900 km in the graphs. See
Figure 5 for these results. The next task was to determine the maximum spatial resolution (𝜌𝑚𝑎𝑥 )
that could be observed by the gamma-ray detector at each orbital altitude. See Table 1 for the
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specific values of 𝜌𝑚𝑎𝑥 and Figure 6 for the geometric illustration of how 𝜌𝑚𝑎𝑥 was determined.
The following equations were used to determine the varying 𝜌𝑚𝑎𝑥 values:
sin 𝜃 =

𝑅𝑚𝑜𝑜𝑛
𝑅𝑚𝑜𝑜𝑛

; 𝜃 = sin−1 𝑅
+ℎ

𝑅𝑚𝑜𝑜𝑛

𝑚𝑜𝑜𝑛 +ℎ

;
𝜏

𝑤ℎ𝑒𝑟𝑒 ℎ = 100, 750, 900, 1100 𝑘; 𝜏 = 180° − 90° − 𝜃; ρmax = 360 ∗ 2𝜋𝑅𝑚𝑜𝑜𝑛

Now that ρmax was determined, we had to find the number of photons per second hitting the
detector at heights of 100, 750, 900, and 1100 km. Therefore, we had to integrate over the area
using the following equation:
“𝑅𝑎𝑡𝑒" =

𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑠

2𝜋

𝜌

= ∫0 𝑑𝛾 ∫0 𝑚𝑎𝑥 𝑑𝜌 𝜌 𝐹 𝑓(𝜌, ℎ)

Note that the rate is in quotations. This is because the rate does not have an absolute
normalization yet. We do not know the magnitude of the flux, so this is not the true rate of
photons hitting the detector. In order to find the relative rate of photons hitting the LOX detector
in relation to the LP detector, we must determine a scaling factor and find the ratio by dividing
each rate at 750, 900, and 1100 km by the known rate of photons gathered through the LP
mission at 100 km altitude. Once we divide the “Rate” by the known LP rate of photons, we no
longer have to worry about the unknown magnitude value. The data are now normalized. See
Figure 7 for the equation used to determine the scaling factor and Figure 8 for the plot of the
ratio of photons compared to 𝜌𝑚𝑎𝑥 .
The last segment of my project was to generate a spatial resolution map to show what
LOX should see when orbiting at 900 km. As stated before, we chose to cut off the spatial
resolution at a 50% maximum spatial resolution value for all altitudes including 100 km. Using
prior HEALPix research performed by Górski et al. (2004), we were able to generate this map by
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using code written by Dr. Miller to take the number of pixels and relate these data to the
previously generated spatial resolution map for the LP mission at 100 km. Thus, we have already
generated a concrete prediction of what LOX will see when orbiting at 900 km with 90%
maximum spatial resolution.
3. Conclusion
In conclusion, we were able to generate a counting rate map with a larger spatial footprint
than the Lunar Prospector which in turn lowered the spatial resolution and essentially “blurred”
the 100 km spatial resolution map to a more accurate representation of the flux of gamma rays
emitted by the moon that will be seen by LOX. The results show that the number of photons
hitting the LOX detector will be smaller than the number that LP observed. For example, the
ratio of photons hitting the detector at 900 km altitude versus the LP 100 km altitude is 0.376
meaning that only 38% of the photons detected at 100 km should be detected when orbiting at
900 km. Although this may seem counterintuitive, the results do make sense when considering
the rate of decay, the risk of collision or absorption, and the increased distance the gamma rays
have to travel to reach the detector on LOX.
Still, the LOX does have its benefits. First, with the occultation technique, LOX will be
able to scan almost the entire sky once every 2-3 weeks. This allows the detectors to collect more
data and potentially track a supernova across its entire lifetime, e.g. build-up of brightness to its
peak and then gradual dimming, which could take up to 100 days. This also allows LOX to be on
the order of 10 times more sensitive than any other spacecraft that has previously performed
these experiments (Cofield, 2017). Given that the LOX will operate at much higher altitudes and
in an elliptical orbit, we can also reduce the impact of lunar albedo which acts as background
noise and overloads the detector with unwanted data. With the LP altitude of 100 km, the lunar
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albedo may dominate due to proximity and occultation of a large fraction of the sky. With the
higher altitudes of LOX and narrower field of view, the cosmic backgrounds will dominate over
the lunar albedo (Miller et al., 2016). Thus, there will be a lower background flux than the LP
mission. This will allow LOX to be more sensitive to gamma-rays and detect dimmer supernova
that are as far away as 100 Megaparsecs, e.g. 325 million lightyears, from the moon. If LOX is
approved, this will be the first dedicated astrophysics mission to the moon. The science
operations center would be located in Huntsville, Alabama at UAH, making the university a site
for global astrophysicists, researchers, and our collaborators. LOX will provide an influx of
knowledge for astrophysicists to further explore the cosmos and conduct various experiments
such as the standard candlelight experiments which could tell us more about whether the galaxy
is expanding at a normal rate or is accelerating rapidly. LOX is set to lift-off by 2023 if
approved.
4. Mathematica Code
Mathematica was the only mode of computation in this project. The code was generated
from scratch with the assistance of Dr. Miller. The entire Mathematica code used to perform this
project is available upon request. Also provided within the code are additional graphs and
calculations for the spatial resolution values at 90% and 99% maximum for all altitudes. Please
email bmc0012@uah.edu to obtain a copy of this code.
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6. Appendices

h (km)

θ (degrees)

τ (degrees)

𝜌𝑚𝑎𝑥 (km)

100

71.0

19.0

576.00

750

44.3

45.7

1385.5

900

41.2

48.8

1479.4

1100

37.8

52.2

1584.0

Table 1: The varying values of ρmax as altitude increases. Note that the 100 km data fits the LP
mission and the 750, 900, and 1100 km data shows the maximum spatial resolution of LOX.

Figure 1: This graph shows the counting rate/32s (Flux) versus the energy of the incident
gamma rays. The element, iron, is enclosed within the two vertical lines.
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Figure 2: Iron counting rate map from 7.35-7.92 MeV

Figure 3: Illustration of the Lunar Prospector gamma-ray spectrometer (GRS). A gamma ray
that interacts with the BGO but not the plastic ACS is indicative of a true gamma-ray event.

FOOTPRINTS ON THE MOON

16

Figure 4: A visual illustration depicting the geometry of the moon to determine the flux (
hitting the detector at a certain height, h.

𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑐𝑚2 ∗𝑠

h = 100 km

h = 600 km
h = 900 km

Figure 5: The flux versus spatial resolution at fixed heights of 100 km (blue), 600 km (green),
and 900 km (orange)

)
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Figure 6: Geometrical illustration used to determine ρmax for the varying altitudes

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝐿𝑂𝑋
𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝐿𝑃

2𝜋

=

1480

𝐹 ∫0 𝑑𝛾 ∫0

𝑑𝜌 𝜌 𝑓(𝜌, ℎ)

2𝜋
576
𝐹 ∫0 𝑑𝛾 ∫0 𝑑𝜌

𝜌 𝑓(𝜌, ℎ)

= 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟

Figure 7: Mathematical Representation in determining the fraction of lunar albedo that reaches
LOX relative to what reached the Lunar Prospector

FOOTPRINTS ON THE MOON

18

h = 750 km
h = 900 km

h = 1100 km

Figure 8: Determining the relative rate of lunar gamma-ray albedo hitting the LOX detector
compared to the LP detector

Figure 9: Lunar maps comparing the known LP maps at 100 km to the predicted LOX altitude of
900 km at 50% maximum flux values. The image on the right is the spatially-resolved map of the
lunar gamma-ray albedo for energies characteristic of Iron (7.35-7.90 MeV)

FOOTPRINTS ON THE MOON

19

Figure 10: Lunar maps comparing the known LP maps at 100 km to the predicted LOX altitude
of 900 km at 50% maximum flux values. The image on the right is the spatially-resolved map of
the lunar gamma-ray albedo for energies characteristic of Titanium (6.6-7.35 MeV)

